In common bean, the B4 disease resistance (R) gene cluster is a complex cluster localized at the end of linkage group (LG) B4, containing at least three R specificities to the fungus Colletotrichum lindemuthianum. To investigate the evolution of this R cluster since the divergence of Andean and Mesoamerican gene pools, DNA sequences were characterized from two representative genotypes of the two major gene pools of common bean (BAT93: Mesoamerican; JaloEEP558: Andean). Sequences encoding 29 B4-CC nucleotide-binding-site-leucine-rich-repeat (B4-CNL) genes were determined-12 from JaloEEP558 and 17 from BAT93. Although sequence exchange events were identified, phylogenetic analyses revealed that they were not frequent enough to lead to homogenization of B4-CNL sequences within a haplotype. Genetic mapping based on pulsed-field gel electrophoresis separation confirmed that the B4-CNL family is a large family specific to one end of LG B4 and is present at two distinct blocks separated by 26 cM. Fluorescent in situ hybridization on meiotic pachytene chromosomes revealed that two B4-CNL blocks are located in the subtelomeric region of the short arm of chromosome 4 on both sides of a heterochromatic block (knob), suggesting that this peculiar genomic environment may favor the proliferation of a large R gene cluster.
P
LANT disease is one of the major limitations in crop production throughout the world and is responsible for huge economic losses (Madden and Wheelis 2003) . Use of resistant genotypes is the most economic and ecologically safe means for controlling plant diseases (Hulbert et al. 2001; Hammond-Kosack and Parker 2003; Michelmore 2003) . In the past 15 years, .60 resistance (R) genes following the classic gene-for-gene model (Flor 1955 ) have been cloned from various plant species (Martin et al. 2003; Meyers et al. 2005) . The most prevalent plant R genes encode proteins containing a nucleotide-binding site (NBS) and a C-terminal leucinerich-repeat (LRR) domain (Martin et al. 2003; Belkhadir et al. 2004; Rairdan and Moffett 2007) . R genes belonging to this class have been identified in various plant species, in monocots as well as in dicots, and correspond to R genes effective against all types of pathogens and pests, including fungi, bacteria, viruses, nematodes, oomycetes, and insects (Dangl and Jones 2001; Hammond-Kosack and Parker 2003; Mchale et al. 2006) . This NBS-LRR protein class can be divided into two subclasses on the basis of their amino-terminal sequence, corresponding to two ancient lineages (Bai et al. 2002; Meyers et al. 2003; Ameline-Torregrosaet al. 2008) . One subclass is composed of toll interleukin 1 receptor (TIR)-NBS-LRR encoding genes characterized by the TIR domain homologous to the Drosophila toll and mammalian interleukin-1 receptor (Hammond-Kosack and Jones 1997) . The second subclass is composed of NBS-LRR encoding genes without the TIR motif, which often includes a coiled-coil (CC) domain (Pan et al. 2000) . Although these two subclasses are present in gymnosperm and dicot genomes, TIR-NBS-LRR are completely absent from monocot genomes (Zhou et al. 2004; Meyers et al. 2005) .
Annotation of the Arabidopsis thaliana, rice, poplar (Populus trichocarpa), Medicago truncatula, grape, and papaya genomes identified 149, 480, 317, 333, 233 , and 55 genes encoding NBS-LRR proteins, respectively (Bai et al. 2002; Meyers et al. 2003; Zhou et al. 2004; Tuskan et al. 2006; Velasco et al. 2007; Ameline-Torregrosa et al. 2008; Kohler et al. 2008; Ming et al. 2008) . Furthermore, the genes encoding NBS-LRR proteins 1 have been shown to be the most polymorphic of all Arabidopsis genes (Clark et al. 2007) . This richness of NBS-LRR sequences represents an important resource for combating pathogen attack, since the function of these proteins is to serve as surveillance molecules that detect infection by specific pathogens (Chisholm et al. 2006) . NBS-LRR sequences are often tightly linked at complex loci (Hulbert et al. 2001; Leister 2004; McDowell and Simon 2006) . For example, in the Arabidopsis genome, 73.2% (109 of 149) of the NBS-LRR sequences are located in clusters of genes and 40 sequences are singletons (Meyers et al. 2003) . In eukaryotes, genetic systems for generating new functions are often based on complex loci comprising tandemly organized genes of related function (Borst and Greaves 1987) . Complex resistance gene clusters identified in plants fit this situation. Indeed, the clustered organization is supposed to favor sequence exchanges, such as unequal crossing over and/or gene conversion events, which can give rise, in some cases, to new (nonparental) R specificities (Sudupak et al. 1993; Richter et al. 1995; Chin et al. 2001) . The relative importance of unequal crossing over and gene conversion compared to point mutations in the evolution of R gene clusters has been discussed (Michelmore and Meyers 1998) . If these two processes were prevalent, homogenization of the sequences within a haplotype would be observed. However, comparisons of intraand interspecies resistance haplotypes, such as at the rice Pi2/9 cluster (Zhou et al. 2007) , revealed that orthologs are often more similar than paralogs, suggesting a low rate of sequence homogenization from unequal crossing over and gene conversion (Michelmore and Meyers 1998) . Consequently, evolution of R gene clusters results from a balance between mechanisms that, in addition to creating new genes and reassorting them, can also homogenize them and mechanisms leading to sequence diversification (Meyers et al. 2005) . Strong positive selection on specific residues (x) of the LRR domain has been proposed as a mechanism leading to sequence diversification. Indeed, in the LRR domain, the ''xxLxLxx'' motif is predicted to form a b-strand/ b-turn structure in which the x residues are solvent exposed and available to detect potential pathogen ligands (Bent and Mackey 2007) . Recently, illegitimate recombination within the LRR domain was also proposed to be a frequent source of variability in the evolution of the R gene cluster (Wickler et al. 2007 ). If clustering of resistance genes is a widely discussed explanation for the evolution of specific resistance genes (Hulbert et al. 2001) , studies on the evolution of R gene clusters are scarce, compared with studies on R genes organized as ''singletons'' (Stahl et al. 1999; Tian et al. 2002; Mauricio et al. 2003) . One such example is the analysis of the complex RGC2 cluster of lettuce where two types of R genes (I and II) were identified. Type I genes present a high frequency of sequence exchange, whereas type II genes show few sequences exchanges and ''orthologs'' can be identified (Kuang et al. 2004) .
Common bean, Phaseolus vulgaris, is a plant species for which diversity of wild and cultivated forms has been extremely well documented (Kami et al. 1995; Broughton et al. 2003; Chacon et al. 2005) . On the basis of morphological traits, phaseolin electrophoretic types, isozymes, and molecular markers, the P. vulgaris natural populations can be divided into three geographical regions of diversity: the Mesoamerican, the South Andean, and the North Andean centers. Genetic analyses based on neutral markers provide evidence for two independent domestication processes within the South Andean and Mesoamerican centers of diversity, leading to the development of two distinct groups of cultivated beans, called the Andean and Mesoamerican gene pools (Kami et al. 1995; Broughton et al. 2003; Chacon et al. 2005) , respectively. These two gene pools are supposed to have diverged from a common ancestor #0.6 MYA (Chacon et al. 2007 ). In P. vulgaris, a complex R gene cluster, referred to as the B4 R gene cluster, is localized at the end of linkage group (LG) B4. This cluster comprises at least three R specificities of either Andean or Mesoamerican origin (Co-9, Co-y, and Co-z) and two R QTL effective against the fungal pathogen Colletotrichum lindemuthianum, the causal agent of anthracnose (Geffroy et al. , 2000 . Four expressed CC-NBS-LRR (CNL) encoding genes, mapped at the B4 R gene cluster, were previously characterized from two bean genotypes chosen to represent the Andean ( JaloEEP558) and Mesoamerican (BAT93) cultivated gene pools (Ferrier Cana et al. 2003) .
To further characterize the organization of the B4 R gene cluster and to understand its evolution since the divergence of Andean and Mesoamerican gene pools, selected genomic sequences of the B4 R gene cluster were determined and compared in two common bean genotypes, BAT93 and JaloEEP558. In addition to the four previously sequenced CNL, 25 B4-CNL encoding genes were determined-10 from JaloEEP558 (Andean) and 15 from BAT93 (Mesoamerican). No features associating the R-like genes to either gene pool have been identified. A combination of fluorescent in situ hybridization (FISH) and genetic mapping based on pulsed-field gel electrophoresis (PFGE) separation confirmed that the B4-CNL family is a large CNL family specific to one end of LG B4, corresponding to chromosome 4. B4-CNL members were mapped at two distinct blocks separated by 26 cM. FISH on meiotic pachytene chromosomes revealed that the B4 R gene cluster is localized in a peculiar genomic environment, since B4-CNL sequences are located in the subtelomeric region of the short arm of chromosome 4 adjacent to a major heterochromatic block and on both sides of a minor heterochromatic block (knobs).
MATERIALS AND METHODS
Plant material and genetic mapping: Seventy-seven F 9 recombinant inbred lines (RILs) derived from a cross between the Mesoamerican BAT93 genotype and the Andean JaloEEP558 genotype were used to map the B4-CNL sequences (phage inserts) on the integrated linkage map of common bean (Freyre et al. 1998) . A PCR approach, using specific oligonucleotide primers, was utilized to map phage inserts. The list of primers used to map each phage insert is presented in supplemental Table 1 . PCR reactions were completed in a volume of 25 ml containing 50 ng of template DNA, 13 PCR reaction buffer, 3 pmol of each primer, 50 mm of each dNTP, and 0.5 units of Red Taq Goldstar polymerase (Eurogentec, Seraing, Belgium). Amplifications were performed in a GeneAmp PCR system 2720 (PerkinElmer, Norwalk, CT). Presence/absence or size polymorphisms were scored on 77 F 9 RILs. The MAPMAKER software, version 3.0, was used to map the genomic clone on the integrated linkage map (Lander et al. 1987) . Linkage groups were established with a LOD threshold of 3.0 and a recombination fraction of 0.3. Marker order was estimated with a LOD threshold of 2.0, based on multipoint compare, order, and ripple analyses.
Pulsed-field gel electrophoresis and hybridization: Conditions for high-molecular-weight DNA preparation in agarose blocks and restriction digestion with the rare cutting restriction endonuclease SalI have been described in Creusot et al. (1992) except that a different extraction buffer (10 mm Tris, pH 7.5; 15 mm KCl; 15 mm NaCl; 0.15 mm spermine; 0.5 mm spermidine; 2 mm EDTA; 0.5% Triton X-100 and 4.5% glucose) was used in this study for the DNA preparation. PFGE was carried out using a CHEF-DRIII apparatus commercialized by BIO-RAD. One-percent PFGE-grade agarose in 0.53 TBE was used as the matrix. Resolution of DNA fragments in the size range 50-600 kb was obtained by electrophoresis for 22 hr at 6 V/cm with a 12.5/40-sec pulse ramp at 10°in 0.53 TBE. The molecular weight standards were l concatemers designed for use as size markers for PFGE (New England Biolabs). DNA transfer, hybridization conditions, and probe preparation were done as described in Geffroy et al. (1998) . PRLJ1 is a NBS probe encompassing the P-loop-hydrophobic domain (HD) region of the NBS-LRR family specific to the B4 R gene cluster .
Library screening and sequence determination: BAT93 and JaloEEP558 genomic l libraries were screened with the PRLJ1 probe ) as described in Ferrier Cana et al. (2003 . Phage DNA was isolated using Nucleobond AX columns (Macherey-Nagel). Restriction analysis, Southern blot hybridization with the PRLJ1 probe, partial sequencing of the phage insert ends, and genetic mapping allowed the identification of contigs of overlapping phages. Three of these phage contigs, referred to as ContB1 (72,929 bp; nine phages), ContJ1 (29,543 bp; six phages), and ContJ2 (33,523 bp; four phages), and one phage, ''lB54'' (16,690 bp, which for convenience will be referred to as ''contig'' ContB2 in this article), were completely sequenced, except the 39-end of ContJ1 that consists of tandem repeats preventing proper sequencing. For the remaining phages, sequencing was focused on B4-CNL sequences, using a primer walking strategy directly on phage DNA and/or on phage subcloned DNA, when two CNL were present on the same phage insert. Sequencing was performed using an automated ABI PRISM 3100 sequencer and the ABI prism BigDye Terminator Cycle sequencing kit (Applied Biosystems, Roissy, France) with custom primers or standard Sp6, T7, M13 reverse, or M13 (-21) primers. Raw DNA sequence data were visually inspected and assembled using the computer program Sequencher (Gene Codes, Ann Arbor, MI). The genomic sequence was annotated by using the gene prediction program Fgenesh (Softberry website) and was manually edited by a homology search against available databases. The genomic sequence of CNL-BA8 was used as a reference for the annotation of the NBS-LRR encoding genes (Ferrier Cana et al. 2003) . The nucleotide sequence instead of the protein sequence was used for comparison because some genes, referred to as ''pseudogenes,'' do not contain the entire coding sequence. These pseudogenes contain a start methionine but present frameshift(s) or premature stop codon(s) leading to truncated predicted proteins compared to ''full-length'' encoding NBS-LRR (for details of their annotation, see supplemental Figure 2 ). The GenBank accession numbers are EU856768-EU856792.
Sequence analysis: Multiple sequence alignments were performed using the Clustal X program and edited in GENEDOC (http:/ /www.psc.edu/biomed/genedoc). Nucleotide sequence identities were established using the Gap program of the Genetics Computer Group (Madison, WI). COILs analyses (Lupas et al. 1991) were performed with the Macstripe, version 2.0b1, software, using a window of 14 and the MTK matrix. The average of distances between all pairs of CNL (the observed number of mutations with correction for probable invisible substitutions using the transversional model for the NBS domains and the general time reversible model for all other comparisons) was calculated with the PAUP software.
FISH mapping: Phage genomic clones lB35, lB10, lB62, and lB61, mapped, respectively, at genetic position (GP) 1, GP 2, GP 3, and GP 4, were used as probes. Probes were labeled by nick translation (Roche Diagnostics) with Cy3-dUTP (Amersham Pharmacia Biotech) or Spectrum Green-dUTP (Vysis). Mitotic chromosome preparation is described in PedrosaHarand et al. (2006) . Meiotic chromosomes were prepared from young flower buds fixed in ethanol/acetic acid 3:1 (v/v). Buds were macerated in 0.4% cellulase/0.4% pectolyase/0.4% citohelicase in 0.01 m citric acid-sodium citrate buffer, pH 4.8, for 3 hr at 37°, incubated in 60% acetic acid for 30 min, and squashed after removal of petals and sepals. Slide selection and pretreatment are described in Pedrosa et al. (2001) . Chromosome and probe denaturation and post-hybridization washes were performed according to Heslop-Harrison et al. (1991) , with modifications described in Pedrosa-Harand et al. (2006) , except that meiotic preparations were denatured at 73°for 3 min. Reprobing of slides was performed according to Heslop-Harrison et al. (1992) . Photographs were taken on a Zeiss Axioplan (Carl Zeiss) equipped with a mono cool view CCD camera (Photometrics, Tucson, AZ). Images from the camera were combined and pseudocolored using the IPLab spectrum software (IPLab, Fairfax, VA) . Distance of FISH signals to the closest telomere and total chromosome length were measured in 10 metaphases using the ''analyze-measure length'' function of the same software. Digital images were imported into Adobe Photoshop version 8 for final processing.
Positive selection assessment: The program CODEML from the PAML package (Yang 1997 ) was used to calculate the vratio (of nonsynonymous-to-synonymous changes; d N /d S for each site). B4-CNL members corresponding to pseudogenes were excluded from this analysis. Consequently, this analysis was conducted on the 18 nucleotide sequences corresponding to ''full-length'' B4-CNL (12 from BAT93 and 6 from JaloEEP558), whose multiple alignment was carefully manually optimized in GENEDOC (http:/ /www.nrbsc.org/gfsc/ genedoc/index.html). Evolutionary models M7 and M8 were tested: model M7 assumed that amino acid site substitutions are conservative (v 0) and model M8 allows the occurrence of positively selected sites (v . 1). M7 and M8 assume a bdistribution for the v-value between 0 and 1. Diversifying selection was confirmed using a likelihood-ratio test by comparing the likelihood of models M8 and M7.
Phylogeny: Phylogenetic trees were built for complete CNL sequences and separated CNL domains (A, B, C, D, and E) defined in Figure 3 using three methods provided by PAUP 4.0b10 software: distance (BIONJ), maximum likelihood (ML), and maximum parsimony (MP). For all studied sequence sets, models of nucleotide substitution were evaluated with MODELTEST 3.0 (Posada and Crandall 2001) to identify the model that best fit the data. Distance-and MLbased phylogenetic trees were constructed with different nucleotide substitution models: the Tamura and Nei model (Tamura and Nei 1993) for domain E, the transversional model (proposed only by MODELTEST) for domains A and B, and the general time reversible model (Rodriguez et al. 1990 ) for domains C and D and for complete NBS-LRR sequences. The heterogeneity of nucleotide substitution rates among sites was approximated by a gamma distribution (G) and an assumption of invariable sites (I). Distance analyses were performed with the BIONJ algorithm (Gascuel 1997) . ML analyses were carried out with a heuristic search strategy to find the best trees. The MP trees were built with the full heuristic search and the tree bisection reconnection branch-swapping option. A strict consensus tree was drawn when multiple best trees were obtained. Statistical confidence levels for MP, ML, and BIONJ trees were evaluated by the nonparametric bootstrap method on the basis of 100 resamplings. Bootstrap for ML analysis was performed without branch swapping to reduce computational time. Nodes represented in .70% of bootstrap replicates were considered well supported.
To test whether congruence between tree topologies of domains exists, four different methods were employed: (1) the Kishino-Hasegawa (KH) test (Kishino and Hasegawa 1989) , (2) the Shimodaira-Hasegawa (SH) test (Shimodaira 2002) , (3) the Swofford-Olsen-Waddell-Hillis (SOWH) test (Goldman et al. 2000) , and (4) the expected likelihood weight (ELW) test (Strimmer and Rambaut 2002) . The KH and SH tests were performed with PAUP. The SOWH and ELW tests were performed using PhyML (Guindon and Gascuel 2003) . The best trees agreeing with the null hypotheses and the unconstrained ML tree, inferred in PhyML, employed the general time reversible (GTR), I, G nucleotide substitution model.
RESULTS
Distribution of PRLJ1-like sequences in the common bean genome and estimation of the size of the B4 R gene cluster through PFGE genetic mapping: The bean NBS-PRLJ1 probe, encompassing the P-loop-HD region of plant R genes, was previously shown to be specific to the B4 R gene cluster, since all the polymorphic bands mapped at three different genetic positions (GP 1, GP 2, GP 3) defining a 2.7-cM interval at the end of linkage group B4 (Figure 1 ). In an attempt to estimate the physical size of the genomic region carrying the PRLJ1 family, we have used the PFGE technique. Hybridization experiments using PRLJ1 as a probe on a Southern blot of PFGE revealed a very complex hybridization pattern in both BAT93 and JaloEEP558 in the size range of 50-500 kb ( Figure 1A ). To determine the genomic location of all these P(FGE)-PRLJ1 bands, high-molecular-weight DNA was extracted for each individual of the BAT93 3 JaloEEP558 RILs progeny, digested with SalI and separated by PFGE. All the polymorphic bands, referred to as P-PRLJ1.a-k, mapped at the end of linkage group B4 at two blocks separated by 24.6 cM ( Figure 1B ). First, P-PRLJ1.b, -d, -j, -g, and -k (from BAT93) and P-PRLJ1c, -h, and -i (from JaloEEP558) mapped in a 2.7-cM interval spanning GP 1, GP 2, and GP 3 ( Figure 1B ). GP 1 and GP 2 are separated by 2.0 cM while GP 2 and GP 3 are separated by 0.7 cM. Second, P-PRLJ1.a (from JaloEEP558) and P-PRLJ.f (from BAT93) mapped 26.4 cM apart from the first block at GP 4 ( Figure 1B ). Consequently, B4-CNL members present at the end of linkage group B4 are grouped at two distinct blocks separated by 26.4 cM: block 1 (spanning GP 1, GP 2, and GP 3) and block 2 (corresponding to GP 4) ( Figure 1B ). From these experiments, by summing the size of the bands mapped at GP 1, GP 2, and GP 3, the size of block 1 was estimated to be at least 1000 kb in BAT93 and 700 kb in JaloEEP558. This is a minimal estimation because the intervening regions between GP 1, GP 2, and GP 3 might contain SalI fragments without PRLJ1 members. The intensity of the P-PRLJ1 bands is greatly variable, suggesting that several SalI fragments are extremely rich in PRLJ1 family members. For example, P-PRLJ1.g and -k from BAT93 (mapped at GP 2) and P-PRLJ1.h from JaloEEP558 (mapped at GP 1) present a very strong hybridization signal ( Figure 1A ).
General features of 29 B4-CNL members issued from two representative genotypes of the two major gene pools of common bean: BAT93 (Mesoamerican) and JaloEEP558 (Andean): To estimate the number and the nucleotide polymorphism of the NBS-LRR homologs present at the B4 R gene cluster, genomic l-phage libraries of both BAT93 and JaloEEP558 genotypes were screened with NBS-PRLJ1 probe, shown to be strictly specific to the B4 R gene cluster (this article and Geffroy et al. 1999) . Complete or partial sequencing of the positive phage inserts allowed the identification of a total of 29 NBS-LRR homologs, 17 from BAT93 and 12 from JaloEEP558 (Figure 2 ; supplemental Figure 1) . A COILS analysis (Lupas et al. 1991) revealed that most of these NBS-LRR homologs present a significant CC structure (supplemental Figure 2) and were consequently referred to as CNL. Given that the B4 R gene cluster in both BAT93 and JaloEEP558 contains multiple members, the CNL encoding genes were named in numeric order according to their genomic and genetic position and were discriminated by the suffixes''B'' (for BAT93) or ''J'' (for JaloEEP558). Among the 29 B4-CNL, 4 CNL correspond to previously identified sequences: CNL-BA8, CNL-BA11, CNL-JA78, and CNL-JA71 (Ferrier Cana et al. 2003) . Coexistence of a full-length open reading frame (ORF) and pseudogenes (see materials and methods for their definition) were observed for both genotypes: in BAT93, of the 17 CNL-B, 5 correspond to pseudogenes; in JaloEEP558, of the 12 CNL-J, 6 correspond to pseudogenes. These 29 B4-CNL ( Figure  2 ; supplemental Figure 1), were mapped at the B4 R gene cluster at the four previously defined genetic positions (GP 1, GP 2, GP 3, and GP 4) ( Figure 1B ). For each GP, CNL from both BAT93 and JaloEEP558 were identified, indicating that, as already revealed by the PFGE results, the occurrence of CNL sequences at these four GP predates the divergence between Andean and Mesoamerican gene pools ( Figure 1B) .
Sequence analysis revealed that the 29 B4-CNL present a very high percentage of nucleotide identity, ranging from 80 to 95% (supplemental Table 2 ). The 18 full-length B4-CNL potentially encode proteins ranging from 1066 aa (CNL-JA71) to 1186 aa (CNL-J1) (supplemental Figure 2 ). For these 18 sequences, no introns were identified between the start codon and the terminal stop codon, as predicted by previous results obtained for the B4-CNL encoding genes (Ferrier Cana et al. 2003) and in agreement with what has been previously found for plant CNL-encoding genes in general (Meyers et al. 2003) . As shown in Figure 3 , for the longest B4-CNL, CNL-B7, all the potential proteins can be divided into five regions (A-E) defined in Ferrier Cana et al. (2003) . Region A, the N-terminal region, lacks a TIR domain and shares significant similarities only with the members of the non-TIR-NBS-LRR class of R proteins. A significant CC structure was identified for most B4-CNL as described above (supplemental Figure 2) . Furthermore, an EDVID motif, shown to be more consistently present in CNL proteins than a predicted CC (Rairdan et al. 2008) , was also identified. Region B includes the NBS region with typical P-loop (Walker A), kinase 2 (Walker B), and kinase 3a motifs, as well as other motifs such as GLPL and MHDL motifs found in all plant NBS-LRR proteins (Takken et al. 2006) . This region also carries extra features specific to the non-TIR-NBS-LRR: a tryptophan residue (W) at the end of the kinase 2 motif, the RNBS-Anon-TIR motif (consensus: FDLxAWVCVSQxF), and the RNBS-D-non-TIR motif (consensus: CFLYCALFPED) (Meyers et al. 1999; Takken et al. 2006) . Region C, referred to as the ''spacer region,'' has no obvious similarity with other R proteins except with previously -(A) High-stringency hybridization of an NBS-PRLJ1 probe to SalI-digested highmolecular-weight DNA separated by PFGE. Molecular weights in kilobases are indicated to the right. The region corresponding to the PRLJ1 probe is boxed in the amino acid sequence of CNL-B7 presented in Figure 3 (domain B). Twenty RILs were derived from the cross between BAT93 and JaloEEP558. From left to right, BAT93 3 Jalo-EEP558 RIL numbers are 158, 159, 160, 161, 164, 165, 166, 167, 169, 170, 171, 172, 173, 174, 178, 179, 180, 129, 130, 131. (B) The genetic map of one end of LG B4 of common bean. Genetic distances between each marker are indicated on the left in Kosambi centimorgans. The Andean (Co-y and Co-z) and the Mesoamerican (Co-9) anthracnose R specificity are indicated in ovals . CNL-B and CNL-J are CC-NBS-LRRencoding sequences from BAT93 and JaloEEP558, respectively. CNL corresponding to a pseudogene are presented with an asterisk (*) after their name. P-PRLJ1.a-k correspond to markers derived from the PFGE analysis presented in A. Markers, Cogene(s), and CNL sequences from BAT93 and JaloEEP558 are presented on the right and left, respectively. The four GPs 1, 2, 3, and 4 are indicated on the right. Block 1 spans GP 1, GP 2, and GP 3. Block 2 corresponds to GP 4. CNL-J6* could be mapped at either GP 3 or GP 2 (see Figure 2) , since it belongs to the phage contig ContJ2 spanning GP 2 and GP 3. CNL-J6* has been arbitrarily presented at GP 3. CNL-B sequences present in the phages selected for FISH experiments (lB35, lB10, lB62, lB61; Figure 5 ) are presented in a dotted rectangle, with the name of the corresponding phage written above. published bean CNL (Creusot et al. 1999; Ferrier Cana et al. 2003) , and soybean RPG1b CNL (Ashfield et al. 2004) . A single hit was also identified in both A. thaliana (At3g14460) and M. truncatula (one CNL on BAC clone AC153125) genomes (Meyers et al. 2003; AmelineTorregrosa et al. 2008) . Region D can be organized in imperfect LRRs of variable length (15-41 amino acids) on the basis of the amino acid consensus pattern of the b-strand/b-turn motif (xxLxLxx) . The deduced proteins harbor between 19 (CNL-JA71) and 22 LRR repeats (CNL-B7 and CNL-J1) (supplemental Figure 2) . Compared to the 20 LRRs defined in Ferrier Cana et al. (2003) with CNL-BA8 as a reference, we have added LRR109, which was omitted on CNL-BA8 in Ferrier Cana et al. (2003) . Compared to these 20 LRRs, we have also identified 2 additional LRRs, referred to as LRR39 (present in CNL-B7 and CNL-B23) and LRR129 (present in CNL-J1) but absent in CNL-BA8 (supplemental Figure 2) . Finally, region E corresponds to the C-terminal region and includes the conserved motif KIAHI, identified in our B4-CNL sequences. For the 11 B4-CNL pseudogenes, complete ORFs could be restored after a few base-pair changes, showing that they are highly similar in regions A, B, C, and E and present from 3 (CNL-J8*) to 22 LRRs (CNL-J11*) (supplemental Figure 2B) . In addition to the previously identified Co-2 bean CNL (Creusot et al. 1999) , the most closely related R proteins to our B4-CNL members are the soybean RPG1b CNL members exhibiting 70% of amino acid similarity with B4-CNL (Ashfield et al. 2004; Hayes et al. 2004) .
Identification of highly conserved intergenic regions: Concerning the completely sequenced phage contigs, annotation of ContB1 (72,919 bp), ContJ1 (29,543 bp), ContB2 (16,690 bp), and ContJ2 (33,523 bp) revealed that all the putative ORFs present strong homology to CNL, but two ORFs, one at each 39-end of ContB2 and ContJ2, show homology to a A. thaliana P-type transporting ATPase-like protein (At3g27870; E-value ¼ 0; 86% of similarity) ( Figure 2B ). Mapping experiments revealed that both ContB1 and ContJ1 are Green-shaded areas designate regions presenting $95% of nucleotide identity. Gray-shaded areas indicate regions presenting $90% of nucleotide identity. PCR-based markers used to map the corresponding phage inserts are presented by blue circles (mapped at GP 3) and green circles (mapped at GP 2). The name of the phage inserts (lX) corresponding to each phage contig is indicated. located at GP 3, while ContB2 is located at GP 2. Mapping of ContJ2 revealed that its 39-end mapped at GP 2 while its 59-end mapped at GP 3 because of the occurrence of a recombination event in the RIL progeny in the 22-kb region between these two PCRbased markers ( Figure 2B ). These contigs are extremely rich in CNL sequences: ContB1, ContJ1, and ContJ2 present 8, 3, and 3 CNL sequences, in 72,919, 29,543, and 33,523 bp, respectively, giving an average CNL density of one CNL every 4 kb. On each contig, all the CNL (full length and pseudogenes) were present in the same transcriptional orientation, suggesting that they might have resulted from local tandem duplication (Figure 2) .
Nucleotide pairwise comparisons revealed that, although the intergenic regions display a degree of structural diversity, blocks of closely related sequences occur within and between the phage contigs. Three CNL belonging to ContB1 and ContJ1 appear to be more closely related than average. These are CNL-B1*, CNL-B6*, and CNL-J1, which share $95% of nucleotide identity (Figure 2A ; supplemental Table 2 ). Further sequence analysis revealed that this high level of sequence identity also extends into noncoding regions surrounding CNL-B1*, CNL-B6*, and CNL-J1 ( Figure  2A) . Indeed, an 7-kb fragment, including CNL-B1, shares $95% nucleotide identity with the region surrounding CNL-B6, suggesting that these two segments in ContB1 result from a recent DNA duplication ( Figure  2A ). This 7-kb fragment is also conserved in the region surrounding CNL-J1 (nucleotide identity $90%). Between CNL-B1 and CNL-J1, the size of the conserved region is even bigger and extends 14 kb (nucleotide identity $90%) (Figure 2 ). Between ContB2 and ContJ2, two CNL, CNL-B18 and CNL-JA71, also appear to be more closely related than average since they present 95% of nucleotide identity (supplemental Table 2 ). A conserved 6-kb fragment including an intergenic region surrounding CNL-B18 and CNL-JA71 was also identified (nucleotide identity $90%) ( Figure 2B ). ContB2 and ContJ2 also harbor in their 39-end the ATPase-encoding sequences, sharing 97% of nucleotide identity between ContB2 and ContJ2.
The high sequence conservation, including intergenic regions between ContB1 and ContJ1, and the fact that these regions map at the same genetic position (GP 3) strongly suggest that these contigs are issued from orthologous regions from BAT93 and JaloEEP558. Similar conclusions can be made for ContB2 and ContJ2.
Evolutionary rates of CNL sequence divergence from BAT93 and JaloEEP558: The rates of substitution within and between genotypes BAT93 and JaloEEP558 were studied to characterize the evolutionary force operating on the CNL gene family (Table 1) . When complete CNL sequences from BAT93 or JaloEEP558 are inspected, similar rates of substitution are observed within and between CNL-B and CNL-J sequences. The same conclusion was obtained when the NBS domain or the LRR domain were analyzed separately. The rates of substitution are also nearly the same at a given GP (GP 1, (E) The C-terminal region. The conserved domains of the NBS and of the C-terminal region are underlined in B and E, respectively. In the NBS domain (B), the region corresponding to the PRLJ1 probe is boxed . LRR have been aligned according to the consensus sequence given at the top of D, which approximates the consensus for cytoplasmic LRRs . The tryptophan residue (W), specific to the non-TIR-NBS-LRR class of plant disease R gene, located at the end of the kinase 2 motif (Meyers et al. 2003) , is presented in boldface in a square. Sites identified as being under diversifying selection are shaded. LRR129 is present only in CNL-J1 (supplemental Figure 2 ). The b-strand/b-turn motifs (xxLxLxx) in the LRR domain are boxed .
GP 2, GP 3, or GP 4) for complete CNL sequence comparisons within and between genotypes. The fact that similar rates of substitution are observed within and between genotypes whatever the analyzed level (complete CNL, NBS, or LRR domain, four different GP) suggests that the CNL sequences did not homogenize within a haplotype because frequent occurrence of recombination events (unequal crossing over or gene conversion) is expected to give smaller values of substitution rates within each haplotype than between haplotypes. The LRR domain presents a rate of substitution nearly twice the one observed for the NBS domain. Finally, the rate of substitution at GP 1 is nearly half the one observed for the other GP (GP 2, GP 3, GP 4).
CNL sequences from BAT93 (CNL-B) and JaloEEP558 (CNL-J) located at a same genetic position are often more similar than paralogs: Phylogenetic trees were built with the 29 complete nucleotidic CNL sequences as well as on separate domains (NBS, LRR) (Figure 4 ). Well-supported clades were reproducible on phylogenetic trees obtained with the three different methods (data not shown) and only ML trees are presented (Figure 4) . CNL sequences from BAT93 and JaloEEP55 do not group into distinct Mesoamerican and Andean clades. On the contrary, the evolutionary history of CNL sequences from BAT93 and JaloEEP558 is interrelated (Figure 4) . CNL sequences from BAT93 and JaloEEP558 located at the same genetic position are often more closely related than the paralogs from the same genotype. For example, five well-supported clades corresponding to these criteria are found on phylogenetic trees based on complete CNL, NBS, and LRR domains (Figure 4) . They group as CNL-B19, CNL-BA8, CNL-BA11, and CNL-JA78 (GP 1); CNL-JA71 with CNL-B18 (GP 2); CNL-B6*, CNL-J1, and CNL-B1* (GP 3); CNL-B11 with CNL-J4* (GP 3); and CNL-B23 with CNL-J11* (GP 4). This is also illustrated in supplemental Table 2, showing, for example, that both CNL-B11 and CNL-J4* mapped at GP 3 present 99% of nucleotide identity. On the phylogenetic trees, paralogs that are closely linked physically are sometimes distantly related. This is illustrated by CNL-B23 and CNL-B22, located ,20 kb apart on the same phage insert and mapped at GP 4 (supplemental Figure 1 ). CNL-B23 (GP 4) groups with the Andean CNL-J11* (GP 4), while its paralog, CNL-B22 (GP 4), is distantly related on the phylogenetic trees (Figure 3) . Altogether, these results suggest that significant sequence homogenization did not occur within either genotype.
Likelihood-based tests of topology were performed because inspecting only robust nodes does not prove congruence of the topology. Significant incongruence was detected between the NBS and LRR trees (Figure 4 , B and C). Consequently, NBS and LRR domains seem to have different evolutionary histories, suggesting the occurrence of recombination events. These tree topology tests were extended to all possible combinations of domains (A, B, C, D, and E). In all cases, significant incongruence was detected. Combined with the results from the previous paragraph, our data suggest that recombination events have occurred, but not at sufficient frequency to lead to sequence homogenization within a haplotype.
Positively selected residues were identified mainly on ''x'' residues predicted to be solvent exposed in the LRR domain: A strong preference for nonsynonymous compared to synonymous codon substitutions has been detected in many plant R gene families (Ellis et al. 2000; Jones and Dangl 2006; Bent and Mackey 2007) . To examine whether B4-CNL members are subject to diversifying selection, the program PAML was used on the 18 full-length B4-CNL (12 from BAT93 and 6 from JaloEEP558) (Yang 1997) . Sites under diversifying selection were investigated using the M8 and M7 codon substitution models. The likelihood-ratio test for comparing M8 with M7 is 2D ln L ¼ 938, which is much greater than the x 2 critical value (9.21 at the 1% significance level, with d.f. 2). This shows that our data were significantly more likely under the M8 model with positive selection on some codons than under the M7 model, which does not allow the presence of sites with v . 1. A total of 72 sites under diversifying selection were identified with a posterior probability . 99% (Figure 3 ). An important fraction of the positive sites (53 of 72; 74%) was located in the LRR region (region D) (Figure 3) . Two positive sites were also identified in region A (before the NBS domain), 6 in region B, 8 in region C, and 3 in region E. Of the 53 positive sites located in the LRR region, 37 (70%) were confined on the ''x'' residues of the ''xxLxLxx'' motif (x, any amino acid, L, leucine or isoleucine) predicted to be solvent exposed. a Each value corresponds to the average distance between all considered pairs of B4-CNL sequences.
b Average values of distance between all pairs of complete CNL sequences, mapped at GPs 1, 2, 3, and 4, respectively.
The B4 R gene cluster is localized in a subtelomeric region of the short arm of chromosome 4 and is adjacent to heterochromatic regions: To localize the B4 R gene cluster on chromosomes of the BAT93 bean genotype, four phages (lB35, lB10, lB62, and lB61 mapped at GP 1, GP 2, GP 3, and GP 4, respectively; Figure 1B ) were used as probes in FISH experiments. lB35, lB61, and lB62 showed clear and reproducible signals in the terminal region of the short arm of a chromosome pair ( Figure 5, A and B) . Double hybridization of lB61 and lB62 ( Figure 5B ) and of lB61 and lB35 (data not shown) on mitotic chromosomes revealed that lB35, lB61, and lB62 localized in the same chromosome region. This chromosome region appeared more intensely stained compared to other regions in some FISH experiments, suggesting that it is a region of constitutive heterochromatin (A. Pedrosa-Harand, unpublished data) . lB35, lB61, and lB62 hybridization signals placed all those clones adjacent to the terminal heterochromatic block in the short arm, but their position relative to each other could not be unambiguously determined ( Figure 5C ). This chromosome could be identified as chromosome 4 through hybridization with specific markers, in agreement with the mapping of those phages on LG B4 (A. Pedrosa-Harand, unpublished data) . Chromosome 4 was previously named 10 (Pedrosa et al. 2003) , but all chromosomes have been recently renamed according to the linkage group names of the core linkage map of common bean (Freyre et al. 1998; Pedrosa-Harand et al. 2008) .
The phage lB10 labeled multiple chromosome ends, a pattern that indicated the presence of one or more repetitive sequences in its insert. This or these sequences seem to be particularly abundant around the B4 R gene cluster, where it generated strong hybridization signals apparently colocalizing with lB61 ( Figure 5 , D and E) and the terminal heterochromatic block. Since lB10 was genetically mapped between lB35 and lB62 (see Figure 5C ), it is likely that the repetitive sequence that it contains is interspersed with CNL sequences in the B4 R gene cluster.
To confirm the position of lB35 and lB61 relative to each other and to the heterochromatic block, these two phages were also localized on meiotic pachytene chromosomes. The signals generated from both probes greatly overlapped (Figure 5, G and H) , suggesting that these clones are similar enough to cross-hybridize and detect the whole R gene cluster under the stringent conditions used in these experiments (72%). This is in agreement with sequence analysis showing that B4-CNL sequences exhibit at least 80% nucleotide identity (supplemental Table 2 ). The localization of both clones on pachytene chromosomes demonstrated that the B4 R gene cluster has a subtelomeric localization and confirmed that B4-CNL are adjacent to a large, terminal heterochromatic block (knob) (arrow in Figure 5F ). Furthermore, B4-CNL members are present on both sides of, and are included in, a smaller heterochromatic region (arrowhead in Figure 5F ), detected only at this level of resolution.
DISCUSSION
In this report, two genotypes representative of the two common bean gene pools, BAT93 (Mesoamerican) and JaloEEP558 (Andean), were selected to investigate the genetic events involved in the evolution of the B4 R gene cluster since the divergence of these two gene pools. We gained insight into the organization and the evolution of the B4 R gene cluster by using a combination of approaches, including sequence analysis of 29 CNL from both bean genotypes, FISH experiments, and genetic mapping based on PFGE separation.
Genetic mapping based on hybridization with NBS-PRLJ1 after PFGE separation confirmed that the B4-CNL members are specific to the end of bean LG B4. It has been demonstrated that they are divided into two distinct blocks: block 1 spanning 2.7 cM at the end of LG B4 (corresponding to GP 1, GP 2, GP 3) and separated by 26.4 cM from the second block (block 2). In agreement with their genetic location on the bean genetic map, FISH experiments proved that the B4-CNL sequences are present only at the end of the short arm of chromosome 4. In the common bean genome, one other CNL cluster, the Co-2 cluster, has been identified at the end of LG B11 Creusot et al. 1999) . Co-2-CNL sequences, presenting 65% of nucleotide identity with PRLJ1, have not been picked up under the hybridization conditions used in this article. FISH mapping of B4-CNL sequences to meiotic pachytene chromosomes provides additional information: the B4-CNL sequences are located only in the subtelomeric region of the short arm of chromosome 4 on both sides of a minor heterochromatic block (knob). Furthermore, a second knob, referred to as ''major,'' has also been identified in a more distal position. The organization ''major knob/B4-CNL sequences/minor knob/B4-CNL sequences'' suggests that chromosome inversion might have split an ancestral knob into two knobs. The major knob is unambiguously placed in a distal position, while the minor knob is tentatively placed between GP 3 and GP 4, since these two genetic positions are separated by 26.4 cM and since lB35 (mapped at GP 1) and lB61 (mapped at GP 4) labeled on both sides of the minor knob ( Figure 5C ). FISH mapping on pachytene chromosomes with probes specific to each GP would be necessary to confirm this hypothesis. Pedrosa-Harand, unpublished data) . On the basis of results presented in F, G, and H, the major knob (presented as a ''K'' in a circle in C) is unambiguously placed in a distal position, while the minor knob (presented as a ''K'' in a dotted circle in C) is tentatively placed between GP 3 and GP 4 because these two genetic positions are separated by 26.4 cM and since lB35 (mapped at GP 1) and lB61 (mapped at GP 4) labeled on both sides of the minor knob. (F-H) lB35 (green, G) and lB61 (red, H) on DAPI-stained chromosome 4 in meiotic pachytene stage (in gray). Arrows in A and B and D and E indicate signals, all at subtelomeric positions. The arrow and arrowhead in F indicate major and minor heterochromatic blocks (knobs), respectively. Bars in E and H, 2.5 mm.
Our analysis indicates that the B4 R gene cluster is a large cluster in terms of its physical size as well as in terms of the number of CNL that it encodes. Indeed, the physical size of block 1 was estimated to be at least 1000 kb in BAT93 and 700 kb in JaloEEP558. Furthermore, a minimal number of 17 and 12 B4-CNL are present in BAT93 and JaloEEP558, respectively. Thus, the B4 cluster is relatively large compared to other plant R gene clusters. For example, the tomato I2 locus encodes 7 members in 90 kb (Simons et al. 1998) , the maize rp3 locus encodes 5 members in 140 kb (Webb et al. 2002) , and the lettuce Dm3 locus encodes 32 members within at least 3000 kb (Kuang et al. 2004) . Large variation in gene copy number among different genotypes has been observed, such as for the maize Rp1 cluster, in which a range of 1-52 copies has been estimated (Smith et al. 2004) . In our analysis, no such dramatic differences in B4-CNL copy number were observed between BAT93 (17 CNL) and JaloEEP558 (12 CNL). However, hybridization experiments with PRLJ1 suggest a higher level of complexity in BAT93 than in JaloEEP558, since BAT93 exhibits a higher number of strongly hybridizing bands than JaloEEP558 ( Figure 1A ). Sequencing of phage contigs (ContB1, ContJ1, ContB2, ContJ2) suggests that the B4-CNL are not uniformly distributed but rather clustered in a CNLrich region, with an average density of one CNL every 4 kb (Figure 2 ). This conclusion is also supported by PFGE data revealing that the intensity of the P-PRLJ1 bands is highly variable, suggesting that several SalI fragments are extremely rich in CNL members compared to others. The B4 R gene cluster is composed of homogeneous CNL sequences since all the 29 B4-CNL sequences show .80% nucleotide identity, suggesting that these CNL sequences derive from local tandem duplications. This, however, is not a universal phenomenon since several ''heterogeneous'' R clusters, presenting highly divergent sequences, have been reported (Hulbert et al. 2001; Leister 2004) . The most striking example is the Mla powdery mildew resistance locus of barley harboring three different families of NBS-LRRencoding genes with a sequence identity of ,33% (Wei et al. 1999) .
The genomic organization of the B4-CNL sequences into two blocks mirrors what is observed for resistance specificities since two distinct groups of resistance specificities and resistance QTL have been described: one group (containing Co-9, Co-y, Co-z) is located in a distal position (in block 1 in Figure 1B ) while another group (containing Co-RVI) is tentatively located in a more proximal region on linkage group B4. Indeed, on the basis of comparative mapping studies, the region containing P-PRLJ1.a and -f (block 2 on Figure 1B ) is known to harbor the Co-RVI anthracnose resistance gene (Adam-Blondon et al. 1994; Freyre et al. 1998) . Altogether, the end of the short arm of chromosome 4 carries an important collection of specific R genes and R QTL effective against diverse pathogens [fungi C. lindemuthianum and Uromyces appendiculatus, bacteria Pseudomonas syringae pv phaseolicola, and bean golden yellow mosaic virus (BGYMV)] (Lopez et al. 2003; Miklas et al. 2006; Rodriguez-Suarez et al. 2008) . However, their location relative to each other is not precisely known because they are often present in different genotypes. On the basis of our current and previous studies, the GP 1 region appears to be particularly interesting. First, it is the most distal genetic position. Second, it is the only genetic position where functional specificities from BAT93 (Co-9) and JaloEEP558 (Co-y) have been mapped. And third, the rate of substitution at GP 1 is nearly half that observed for the other GP (GP 2, GP 3, and GP 4). Several CNL are candidate genes for the Co-y and Co-9 specificities: two full-length CNL from JaloEEP558 (CNL-J9 and CNL-JA78) colocalized with Co-y (present in JaloEEP558) and three full-length CNL from BAT93 (CNL-B19, CNL-BA8, and CNL-BA11) colocalized with Co-9 (present in BAT93).
One important feature of heterochromatic knobs, described in maize by McClintock et al. (1981) , is that they are highly unstable regions. This instability is exemplified by results from A. thaliana where the heterochromatic knob located on chromosome 4 close to the centromere is present in ecotypes Col and Ws but absent in Ler (Fransz et al. 2000) . The molecular mechanism underlying this instability is not known. In A. thaliana, suppression of recombination in the region containing the knob is observed in a cross between Col and Ler (Drouaud et al. 2006) . This suppression of recombination probably reflects the absence of the knob in Ler rather than an intrinsic feature of heterochromatic blocks. In this study, suppression of recombination is not observed in a cross between BAT93 and JaloEEP558, since genetic distance between GP 1 and GP 4, containing the minor knob, was estimated to be 29.1 cM. On the contrary, increased levels of recombination are suspected. Indeed, it is only recently that GP 1, GP 2, and GP 3 have been linked to one end of LG B4. In a previous version of the bean linkage map, they were considered as a separate small linkage group referred to as LG B14 (Freyre et al. 1998; Geffroy et al. 1999) . The difficulty in linking LG B14 to LG B4 could be explained either by an increased level of recombination in the region containing the minor knob or by the existence of a low level of polymorphism between BAT93 and JaloEEP558 in that region. An alternative hypothesis would be that the absence of the minor knob in JaloEEP558 results in a polymorphism between BAT93 and JaloEEP558 and is responsible for the difficulty in linking LG B14 to LG B4. Similarly, in Lotus japonicus, cytogenetic analyses revealed that an inversion in the region between LG 1A and LG 1B was unexpectedly responsible for the difficulty of linking these two linkage groups because this polymorphism would have led, in principle, to suppression of recombination (Pedrosa et al. 2002) . Cytogenetic analyses of pachytene chromosomes from JaloEEP558 are currently underway to study the existence of the minor knob in JaloEEP558.
Our results provide two leads to explain the origin of the important proliferation of CNL sequences at the B4-R gene cluster: (i) its proximity to heterochromatin blocks (knobs) and (ii) its subtelomeric localization. Concerning the proximity to heterochromatin, the tomato Mi-1 R gene cluster has also been located near heterochromatin, more precisely in the junction of euchromatin and pericentromeric heterochromatin on chromosome 6 (Zhong et al. 1999; Seah et al. 2007 ). This region in tomato is highly enriched in R genes effective against diverse pathogens as well as in resistance gene analog sequences with unidentified function (Seah et al. 2007 ). In our study, the B4-CNL sequences also seem to be located at a junction of euchromatin and heterochromatin. Consequently, it is tempting to speculate that some features of the chromosome structure in these euchromatin/heterochromatin junction regions may provide a favorable environment for R gene proliferation. We hypothesize that it could be due to some form of gene silencing. Indeed, genes inserted in proximity to heterochromatin are often silenced as in the case of position-effect variegation in Drosophila, and chromatin structure is known to play a major role in epigenetic regulation of the genome (Schotta et al. 2003; Lippman and Martienssen 2004) . The importance of RNA silencing in maintaining low levels of expression at plant disease resistance gene clusters was recently identified by Yi and Richards (2007) for the Arabidopsis RPP5 locus. They further hypothesize that the disruption of RNA silencing by pathogens, as occurs in infections by viruses and Agrobacterium (Dunoyer et al. 2006; Ding and Voinnet 2007) , may play an important role in optimizing plant response to pathogen attack by increasing the expression of R genes.
On the other hand, the subtelomeric location of the B4 R gene cluster is another feature that might favor R gene proliferation. Indeed, subtelomeres of such diverse organisms as human, yeast, and trypanosomes are dynamic and variable mosaics of multichromosomal blocks of sequence, resulting from the fact that subtelomeres are hotspots of interchromosomal recombination (Mefford and Trask 2002; Linardopoulou et al. 2005) . It has been proposed that the processes acting on subtelomeric regions may have a role in diversifying gene families (Mefford and Trask 2002) . Furthermore, in several organisms such as Saccharomyces cerevisiae, genes in close proximity to telomeres undergo transcriptional silencing, a phenomenon known as ''telomere position effect'' (Mefford and Trask 2002) . This putative silencing effect could have a beneficial effect on R gene proliferation in a similar way to what we proposed above for heterochromatic silencing. In the common bean genome, most of the well-characterized large R gene clusters are located at the end of linkage groups, suggesting that the location at the end of a linkage group, and by inference a subtelomeric location, is favorable for R gene proliferation. For example, the Co-x, I, and Co-2 loci have been mapped to the ends of LG B1, LG B2, and LG B11, respectively (Geffroy et al. , 2008 Creusot et al. 1999; Vallejos et al. 2006) . Furthermore, the Co-4 anthracnose resistance locus was also confirmed to be in a subtelomeric position of bean chromosome 8 (Melotto et al. 2004) . In other plant species, large R gene clusters, such as the maize Rp1 cluster and barley Mla cluster, are also located at the end of linkage groups (Pryor and Ellis 1993; Wei et al. 1999) . However, systematic localization of large R gene clusters in subtelomeric regions is not always observed, for example, in the A. thaliana genome (Meyers et al. 2003) . In addition, subtelomeric regions in A. thaliana do not share extensive similarity among most nonhomologous chromosomes, such as seen in yeast and humans (Kuo et al. 2006) . This suggests that additional data are needed to understand the behavior of subtelomeric regions in plants (Fan et al. 2008) and that A. thaliana may not be representative of all plant species. In conclusion, in common bean, the localization of the B4 R gene cluster in regions with high genome plasticity (proximity to knobs and/or subtelomeric localization) is likely to increase genetic and epigenetic variations, which may in turn result in the accelerated evolution of R gene specificities.
In plants and animals, several multigene families, such as rRNA genes, are subject to concerted evolution, in which family members share greater sequence identity within a species than between species. This homogenization of sequence within a given species is probably the result of repeated occurrences of unequal crossing over and/or gene conversion (Nei and Rooney 2005) . Sequencing of 29 B4-CNL from two bean genotypes representative of the two gene pools of P. vulgaris gave us the opportunity to compare paralogs and orthologs. No sequence homogenization of the B4-CNL within a haplotype was observed. Indeed, similar substitution rates were observed for CNL sequences within and between haplotypes. Furthermore, phylogenetic analyses revealed that Andean and Mesoamerican B4-CNL do not form two separate clades, but that both genotypes possess an assortment of different CNL. Indeed, sequences from BAT93 and JaloEEP558 located at the same GP are often, but not always, more similar than paralogs. This pattern of evolution suggests that the B4-CNL multigene family is not subject to concerted evolution but rather follows the ''birth-and-death'' model of evolution (Nei et al. 1997) . This model was first proposed to explain the evolution of MHC genes in mammals (Nei et al. 1997; Nei and Rooney 2005) and has been subsequently adapted for R gene cluster evolution in plants (Michelmore and Meyers 1998) . As expected under the birth and death model (Nei and Rooney 2005) , the B4 R gene cluster contains a large number of CNL corresponding to pseudogenes (in JaloEEP558, 6 pseudogenes of 12 B4-CNL; in BAT93, 5 pseudogenes of 17 B4-CNL). However, even if recombination events were not frequent enough to lead to sequence homogenization within one haplotype, two types of evidence suggest that recombination occurs occasionally in the B4 R gene cluster. First, significant incongruence was identified between trees built on different domains (A, B, C, D, and E) of the B4-CNL sequences. Second, a duplicated 7-kb region of highly conserved sequences (.95% nucleotide identity), including the noncoding region, was identified in BAT93 (green region on ContB1 in Figure  2A) . Blocks of homology, including noncoding sequence, have also been observed in other R gene clusters, as, for example, in the tomato Mi-1 gene cluster (Seah et al. 2007) or the Rph7 locus in barley (Scherrer et al. 2005) . This indicates the occurrence of sequence exchanges, even if the molecular mechanism underlying these sequence exchanges cannot be deduced from these analyses. As already observed for other R gene clusters (Zhou et al. 2007) , the B4-CNL polymorphism appears to be primarily generated by variation in LRR copy number (from 19 to 22 LRRs), nucleotide substitution, and diversifying selection, especially on the x residues predicted to solvent expose in the LRR domain (Figure 3 ). Variation at these x residues appears to be evolutionarily advantageous, suggesting that they may be involved in determining pathogen recognition specificity. Together, these results suggest that the host-pathogen coevolution process identified at the level of the centers of diversity of P. vulgaris ) could be governed mainly by minor molecular changes on these x residues. In other words, on the basis of a complete sequence of a given B4-CNL, it is impossible to predict if it has an Andean or a Mesoamerican origin, while at the phenotypic level a strong differentiation for resistance has been identified with respect to the centers of diversity .
In conclusion, the subtelomeric location of the B4-CNL sequences combined with B4-CNL's proximity to knobs might confer to this cluster an unusual potential for adaptation to new strains of an ever-changing array of pathogens, as testified by the numerous CNL, specific R genes, and resistance QTL mapped at the B4 R gene cluster. Phage sequencing revealed that B4-CNLs are tightly clustered at CNL-rich regions with an average density of one CNL sequence every 4 kb. PFGE analysis revealed that the B4-CNL sequences are present on at least 1000 kb in BAT93 for block 1. This large physical size prompted us to use a more suitable genomic library to study the B4 R gene cluster. We are currently using a BAC library from genotype BAT93, presenting an average insert size of 125 kb (Kami et al. 2006) to establish the complete sequence of the B4 R gene cluster to understand the factors involved in its large expansion.
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